The mineralogical and geochemical compositions of the Lopingian coals from an exploratory drill core (ZK4-1) in the Zhongliangshan Coalfield, southwestern China are reported in this paper. The Zhongliangshan coals are medium volatile bituminous in rank (random vitrinite reflectance, average 1.38%), characterized by a medium-ash yield (26.84%) and high sulfur content (3.38%). Minerals in the Zhongliangshan coals are mainly composed of clay assemblages (kaolinite, the illite/smectite mixed layer (I/S) and chamosite), pyrite, quartz, carbonate minerals (calcite, marcasite, ankerite, and dolomite), and anatase, followed by rutile, jarosite, natrojarosite, bassanite, gypsum and K-feldspar, with traces of apatite, rhabdophane and barite. Compared with the average concentrations of the world hard coals, some trace elements including Li, V, Co, Cu, Se, Y, Zr, Nb, rare earth elements (REE), Cd, Ta, Hf and Hg, are enriched in the Zhongliangshan coals. The modes of occurrence of chamosite, barite, rhabdophane, quartz and calcite in the Zhongliangshan coals indicate that the coals have probably been affected by the injection of low-temperature hydrothermal fluids. Based on the concentrations of Sc, V, Cr, Co, Ni, Cu and Zn, the ratios of Al 2 O 3 /TiO 2 and the upper continental crust-normalized rare earth element and yttrium (REY) distribution patterns of the Zhongliangshan coals, the dominant sediment source regions are the Leshan-Longnvsi Uplift, Hannan Upland, and Dabashan Uplift, with a small proportion of terrigenous materials from the Kangdian Upland. The K7 and the upper portion of K1 coals have the potential as raw materials for the recovery of REY.
Introduction
Studies on the trace elements of coal and non-coal horizons in coal-bearing sequences in southwestern China have attracted much attention, not only because some endemic diseases are related to coal utilization [1] [2] [3] [4] [5] , but also because some critical elements (e.g., Ge, U, Ga, rare earth element and yttrium (REY)) are enriched in coal deposits [2, [6] [7] [8] [9] [10] [11] .
The Zhongliangshan Coalfield, located in the eastern Sichuan Basin, is one of the main coal resource bases in Chongqing Municipality (Figure 1 ). Previous studies have shown that the dominant terrigenous material of the Lopingian coals in the Sichuan Basin is basaltic Kangdian Upland [12] . However, it has been reported recently that the dominant terrigenous materials for the Lopingian coals in the Huayingshan and Nantong coalfields, Sichuan basin are three Uplands/uplifts (TUUs), namely Leshan-Longnvsi Uplift, Dabashan Uplift and Hanan Upland rather than the Kangdian The purpose of this paper is to address the sediment source region and to identify whether the Lopingian coals are enriched rare metals in the Zhongliangshan Coalfield based on the mineralogical and geochemical data.
Geological Setting
From bottom to top, the sedimentary sequences in the Zhongliangshan Coalfield are composed of the Middle Permian, Upper Permian, Lower Triassic, Middle Triassic, and Upper Triassic strata. The Middle Permian stratum is the Maokou Formation (P2m), while the Upper Permian strata include the Longtan (P3l) and Changxing Formations (P3c). The Lower Triassic strata consisted of the Feixianguan (T1f) and Jialingjiang Formations (T1j). The Middle and Upper Triassic Formations are the Leikoupo Formation (T2l) and Xujiahe Formation (T3xj), respectively.
The Maokou Formation occurs as bioclastic limestone and displays light gray to dark gray, which underlies the Longtan Formation in disconformity. It has a thickness from 80 to 250 m (166 m on average).
The Longtan Formation is the coal-bearing stratum in the study area, and consists of the sandstone, siltstone, sandy mudstone, mudstone, and ten coal seams (indexed as K10 to K1 from bottom to top, Figure 2A ). It is precipitated in a marine-continental transitional environment and has a thickness varying from 26.5 to 105.02 m (71.08 m on average). Some fossils are abundant in this formation, including brachiopods, fern and cephalopods.
The tuff layer is distributed widely in the lowermost Longtan Formaion in Chongqing. It has been discussed in detail, not only because the tuff is one of the marker beds in the coalfields [16] and can provide new evidence for the origin of the end-Guadalupian mass extinction [17] , but also because the tuff can be considered as the potential sources for the critical elements [7, 14] . The characteristics of the tuff layer in the study area have been described by Zou et al. [14] . The purpose of this paper is to address the sediment source region and to identify whether the Lopingian coals are enriched rare metals in the Zhongliangshan Coalfield based on the mineralogical and geochemical data.
From bottom to top, the sedimentary sequences in the Zhongliangshan Coalfield are composed of the Middle Permian, Upper Permian, Lower Triassic, Middle Triassic, and Upper Triassic strata. The Middle Permian stratum is the Maokou Formation (P 2 m), while the Upper Permian strata include the Longtan (P 3 l) and Changxing Formations (P 3 c). The Lower Triassic strata consisted of the Feixianguan (T 1 f) and Jialingjiang Formations (T 1 j). The Middle and Upper Triassic Formations are the Leikoupo Formation (T 2 l) and Xujiahe Formation (T 3 xj), respectively.
The tuff layer is distributed widely in the lowermost Longtan Formaion in Chongqing. It has been discussed in detail, not only because the tuff is one of the marker beds in the coalfields [16] and can provide new evidence for the origin of the end-Guadalupian mass extinction [17] , but also because the tuff can be considered as the potential sources for the critical elements [7, 14] . The characteristics of the tuff layer in the study area have been described by Zou et al. [14] . The Changxing Formation, conformably overlying the Longtan Formation, consists of thick limestone intercalated with flint nodules and thin mudstone. It has a thickness of 102-114 m (108 m on average). This formation is enriched in brachiopods, spindle dragonflies, sponges, and other fossils.
Besides the Kangdian Upland, the Zhongliangshan Coalfield was surrounded by the LeshanLongnvsi Uplift, Hannan Upland, and Dabashan Uplift ( Figure 1 ) [8] . The Leshan-Longnvsi Uplift, Hannan Upland, and Dabashan Uplift were the vital positive structural units during the Lopingian stage, mainly composed of mudstone, sandstone and carbonate [18] , could also provide the terrigenous materials for the coalfield during the coal-forming processes. (B) . Partings in blue, host rocks (roof and floor strata) in orange, tuff in purple, and coal benches in black. The suffixes r, f, and p stand for roof, floor, and partings, respectively.
Results

Coal Characteristics
The proximate and ultimate analyses, total sulfur, forms of sulfur, and random vitrinite reflectance data for the 14 coal samples from the ZK4-1 drill core in the Zhonglianshan Coalfield are listed in Table 1 . The average volatile matter and vitrinite reflectance are 25.77% and 1.38%, respectively, indicating a medium volatile bituminous coal based on the ASTM classification [34] .
Based on the Chinese Standard GB/T 15224.1-2010 (coals with ash yield 10-20%, 20.01-30%, 30.01-40%, 40.01-50% are low-ash, medium-ash, medium and high-ash, high-ash coal, respectively), the K1, K4 and K10 are medium-ash coal; the K2 is low-ash coal; the K3 and K8 are medium and high-ash coal; and the K5 and K7 is high-ash coal. Based on the Chinese Standard GB/T 15224.2-2010 (coals with total sulfur content 1.01-2%, 2.01-3%, >3% are medium-sulfur, medium and high-sulfur, high-sulfur coal, respectively), the K1, K3 and K4 are medium-sulfur coal, the K2 is low-sulfur coal, and the K5, K7, K8 and K10 are all high-sulfur coals. The average total sulfur of present study is up to 3.38%, higher than that in the northeast India coals [35] [36] [37] . The sulfur in K1, K2, K7, K8 and K10 coals are mainly pyritic, however, sulfur in the K3, K4 and K5 is mainly organic. Table 2 lists the the proportion of minerals in the coal LTAs, partings, roof and floor samples identified by X-ray diffractograms plus Siroquant. The minerals in the coal samples are composed mainly by kaolinite, quartz, pyrite, and calcite, with small proportions of anatase. I/S (mixed minerals of illite and smectite), chamosite, and dolomite are present in most of the samples. Marcasite, ankerite and siderite also occur in a few samples. Either jarosite or natrojarosite occurs in the LTAs of coals throughout the seam. The bassanite can be observed only in samples K1-1, K4-1 and K10-1, and the gypsum can be identified only in sample K2-1. K-feldspar is relatively abundant in the studied coals especially in sample K10-2, the proportion of which is up to 11.5% (ash basis). In addition, apatite, rhabdophane and barite have been identified under the SEM-EDX although they are below the detection limit of the XRD.
Mineralogical Characteristics in the Coals
Kaolinite
From the K1 to K10, the proportion of kaolinite varies from 18.6% to 52.1% and averages 31.4% (LTA basis). Kaolinite in the coal occurs as cell-fillings in telinite and fusinite ( Figure 3A-D) . This is common in many other coals, and indicates formation by authigenic processes [38] . Vermicular kaolinite is also present (Figure 3B-D) , a feature of which indicates an in-situ precipitation [39] . Scanning electron microscope (SEM) back-scattering images of minerals in the Zhongliangshan coals. (A) cell-filling kaolinite in sample K8-1; (B) cell-filling kaolinite and calcite in sample K1-1; (C) cell-filling kaolinite and chamosite in sample K5-1; (D) cell-filling kaolinite and chamosite in sample K5-2; (E) cell-filling chamosite in sample K4-2; (F) cell-filling chamosite and quartz in sample K10-5; (G) I/S and quartz occurred in the matrix in sample K10-4. (H) cell-filling I/S and kaolinite in sample K4-1.
Chamosite
Two species of chlorite could occur in coal (chamosite and clinochlore), although it is not commonly observed in coal. Chamosite and clinochlore have the same diffraction peaks in the XRD patterns and can be identified by their different intensities of peaks in X-ray diffractograms [40, 41] . The chlorite present in this study was identified as chamosite rather than clinochlore, not only because of the weaker odd-order peaks (001 and 003) of XRD patterns but also because of high Fe and low Mg percentages determined by the energy dispersive X-ray (EDX) analysis.
XRD studies indicate that chamosite occurs in all of the coal LTA residues except for the coal samples K3, K5 and K8. The chamosite, usually coexisting with the kaolinite (Figure 3C,D) , occurs as cell-fillings in the coal ( Figure 3C-F) , indicating an authigenic origin.
Illite/Smectite Mixed Layer
The Zhongliangshan coals have significant proportions of illite/smectite mixed layer (I/S) ( Table 2 ). The I/S in the coal is filled in the plant matrix ( Figure 3G ) or in the cell cavity ( Figure 3H ), indicating that the I/S in present study is of authigenic origin.
Pyrite
Pyrite is a common mineral in the Lopingian coal seams in southwestern China [8, 39, [42] [43] [44] . From the K1 to K10 coal LTA residues, the proportion of pyrite increases gradually, from 2.7% (K3-1) to 20.4% (K10-5) and with an average of 10.5%. The pyrite in the samples occurs as euhedral crystals ( Figure 4A ,B), and as replacement of the maceral components ( Figure 4C ).
Quartz
Quartz in the coal LTA residues varies from 6.8% to 45.3% and averages 20%. Quartz occurs as cell infillings and euhedral crystal ( Figure 4D-F) , indicating an authigenic origin.
4.2.6. Calcite, Ankerite, Dolomite, and Siderite Calcite is abundant in the Zhongliangshan coals, varying from 2.2% to 21.1% and with an average of 10.4%. The dolomite was detected in all the coal LTA residues except samples K1-2, K3-1 and K10-2. However, the ankerite and siderite were identified only in samples K1-2 and K3-1. Calcite occurs as cell-fillings ( Figure 4G ,H) and fracture-fillings ( Figure 5A ), indicating an epigenetic origin. The mode of occurrence of ankerite is similar to that of calcite ( Figure 5B,C), indicating that it has an epigenetic origin as well.
Anatase
Anatase is present commonly in the Lopingian coals in southwestern China, mainly derived from the sediment source region from high-Ti basalt in the Kangdian upland and injection of hydrothermal solutions [8, 45] . Anatase is distributed in all the coal LTA residues, and varies from 1% to 3.7% in abundance (2.1% on average). Anatase occurs as a replacement of glass shards or pumice ( Figure 5D ), similar to that in the K2 coal in the Songzao coalfield [39] .
Apatite, Barite and Rhabdophane
Apatite in the Zhongliangshan coals is distributed in the collodetrinte ( Figure 5E ). Barite occurs as cavity-fillings, indicating an authigenic origin ( Figure 5F ). Rhabdophane appears to be as cell-fillings associating with kaolinite and chamosite ( Figure 5G,H) . 
Comparison between Mineralogical and Chemical Compositions
Based on the calculation methods described by Ward et al. [27] , the reliability of the quantitative XRD data was checked by the comparison with the observed ash chemistry determined by XRF. Before the comparison, data from the two methods were both normalized to allow for difference in LTA, CO 2 Figure 6 .
For SiO 2 , Al 2 O 3 , Fe 2 O 3 and TiO 2 , the points fall very close to the diagonal equality line, indicating that the minerals indicated by the XRD analysis are highly consistent with the independently-determined chemical data. The plots for CaO and MgO show that the data points of CaO tend to fall above the equality line and that of MgO fall below the equality line, indicating that partial Ca 2+ was replaced by Mg 2+ in the calcite, this is also observed by the SEM-EDX analysis. The plot for Na 2 O also shows that the points are close to the equality line. However, the points of K 2 O fall below the diagonal equality line, implying the I/S may have a lesser K + .
Trace Elements
From the Table 3 and Figure 7 , it can be obtained that some trace elements are enriched in comparison with the average concentrations of the world hard coals [47] . The concentration coefficients (CC, the ratio of the trace-element concentrations in investigated samples vs. world hard coals) [32] of trace elements between 5 and 10 include Se, Zr, Nb, Cd and Ta. Many other elements in the coals (Li, V, Co, Cu, Hf and Hg) are slightly enriched (2<CC<5). Elements B, As, Rb, Sb, Tl and Bi are depleted, with a CC <0.5. The remaining trace elements have concentrations close to the world hard coals, with CC between 0.5 and 2.
Sc, V, Cr, Co, Ni, Cu and Zn It is worthy to note that Sc, V, Cr, Co, Ni, Cu and Zn, which are significantly abundant in the basalt of Kangdian Upland [11, 43, 45, 48, 49] , are not highly enriched in the Zhongliangshan coals. Compared with the Lopingian C2 and C3 coals in the Xinde Mine (Yunnan Province, China) [45] , with the sediment-source region of the Kangdian Upland, concentrations of Sc, V, Cr, Co, Ni, Cu and Zn of present study are relatively lower ( Figure 8 ). However, concentrations of Sc, V, Cr, Co, Ni, Cu and Zn of the Zhongliangshan coals are relatively higher than those of the Lopingian coals in the Donglin Mine and Lvshuidong Mine ( Figure 8 ) [8, 13] , with the dominant sediment source regions of the Leshan-Longnvsi Uplift, Hannan Upland, and Dabashan Uplift rather than the Kangdian Upland.
Rare Earth Elements and Yttrium
Although there are some inconsistencies on the abbreviation of "REE" or "REY" in some geochemical literature [50] , REY is adopted in this study to represent the lanthanides and Yttrium [51] . Owing to the unique geochemical behaviors, REY have been widely used as geochemical parameters to identify sediment source region and clarify the evolution processes of coal basins [51] [52] [53] [54] [55] [56] [57] [58] [59] . In order to describe the REY distribution in coals more conveniently, a three-fold geochemical classification and three enrichment types were proposed by Seredin and Dai [58] . Accordingly, normalized to the upper continental crust (UCC) [60] , three enrichment types of REY in coal were generally identified: L-type (light-REY; LaN/LuN >1), M-type (medum-REY; LaN/SmN <1, GdN/LuN >1), and H-type (heavy-REY; LaN/LuN <1) [58] . In addition, several REY geochemical parameters (e.g., CeN/CeN*, EuN/EuN*, LaN/LaN*, GdN/GdN* and YN/HoN) are often used to rebuild the geochemical history [54, 61] , to recognize the sediment-source region [10, 13, 52, 62] , and to explain the tectonic evolution of coal deposits [3, 63, 64] . The REY concentrations and parameters of the Zhongliangshan coals are listed in Tables 4 and 5 . The content of REY varies from 112 to 396 μg/g and averages 171 μg/g, higher than that in common world hard coals [47] . In order to describe the REY distribution in coals more conveniently, a three-fold geochemical classification and three enrichment types were proposed by Seredin and Dai [58] . Accordingly, normalized to the upper continental crust (UCC) [60] , three enrichment types of REY in coal were generally identified: L-type (light-REY; La N /Lu N >1), M-type (medum-REY; La N /Sm N <1, Gd N /Lu N >1), and H-type (heavy-REY; La N /Lu N <1) [58] . In addition, several REY geochemical parameters (e.g., Ce N /Ce N *, Eu N /Eu N *, La N /La N *, Gd N /Gd N * and Y N /Ho N ) are often used to rebuild the geochemical history [54, 61] , to recognize the sediment-source region [10, 13, 52, 62] , and to explain the tectonic evolution of coal deposits [3, 63, 64] . The REY concentrations and parameters of the Zhongliangshan coals are listed in Tables 4 and 5 . The content of REY varies from 112 to 396 µg/g and averages 171 µg/g, higher than that in common world hard coals [47] . The Zhongliangshan coals, characterized by negative Ce, Eu anomalies and positive Gd, La anomalies, with no pronounced Y anomalies (Figure 9 ), are dominated by M-H type and, to a lesser extent, L-and L-M types, along with H-type ( Table 5) . The REY has a weakly positive correlation with ash yield in the Zhongliangshan coals ( Figure 10A ). This indicates that the modes of occurrences of REY may be not only associated with the mineral matter, but also with the organic matter in the coal. Some studies have shown that the correlation coefficients of REY with ash yields decrease along with atomic numbers [10, 52, 62, 65] . However, the correlation coefficients between REY and ash yields in present study increase from 0.28 (r La-Ash ) to 0.79 (r Lu-Ash ) ( Figure 10B ) with the increasing atomic number, similar to the trend of Haerwusu coals [66] . This probably suggests that the light REY have a mixed inorganic-organic affinity and the heavy REY have an inorganic-dominated affinity. It can be inferred that the ability being absorbed on the organic matter of LREY is higher than that of HREY, leading to higher HREY-ash correlation coefficients than those of LREY-ash pair [66] . 
Sediment Source Region
It is suggested that the dominant terrigenous material of the Lopingian coals in southwestern China is the basaltic Kangdian Upland, which is typically enriched in Sc, V, Cr, Co, Ni, Cu and Zn [10, 45, 64, [68] [69] [70] [71] . For example, the dominant terrigenous material for the coals in the Xinde Mine, Yunnan Province, southwestern China is identified as the Kangdian Upland, with high concentrations of Sc, V, Cr, Co, Ni, Cu and Zn in the coals [45] . The dominant terrigenous material of the Huayingshan and Nantong coalfields has also been considered to be the Kangdian Upland [11, 12] . However, some studies have shown that, instead of the Kangdian Upland, the dominant terrigenous materials of Huayingshan and Nantong coalfields are the Leshan-Longnvsi Uplift, Hannan Upland, and Dabashan Uplift [8, 13] . The abundances of Sc, V, Cr, Co, Ni, Cu and Zn in the Huayingshan Coalfield are only 3.54 µg/g, 68.4 µg/g, 18.8 µg/g, 3.03 µg/g, 7.96 µg/g, 29.2 µg/g and 31.5 µg/g, respectively [8] , while those in the Nantong coalfield are 5.81 µg/g, 37.3 µg/g, 23.4 µg/g, 2.87 µg/g, 6.32 µg/g, 16.3 µg/g and 26 µg/g, respectively [13] . A number of studies have indicated that the coals with sediment source region consisted of felsic rocks have high concentration of lithophile elements but are low in V, Cr, Co, Ni, Cu and Zn [72] [73] [74] .
In present study, the concentrations of Sc, V, Cr, Co, Ni, Cu and Zn are not as high as those in the Xinde Mine, and not as low as those in the Huayingshan and Nantong coalfields, neither (Figure 8 ). This may indicate that the Kangdian Upland is not the dominant sediment source region for the Zhongliangshan coals.
Many studies have shown that the Al 2 O 3 /TiO 2 ratios are useful provenance indicators to determine the terrigenous materials not only for normal sedimentary rocks but also for coal seams [8, 10, 73, 75, 76] . It is suggested that the Al 2 O 3 /TiO 2 ratios for sedimentary rocks with 3-8, 8-21, and 21-70 are considered to originate from mafic-, intermediate-, and felsic dominated sediment source regions, respectively [75] . In the plot of Al 2 O 3 vs. TiO 2 for coal samples from the Zhongliangshan coalfield (Figure 11 ), almost all coal samples fall in the area between 8 and 21, indicating that the terrigenous source of the studied samples is of intermediate composition. This further indicates that the dominant sediment source region is not the mafic basalts of the Kangdian upland, where the typical Al 2 O 3 /TiO 2 ratios are between 3 and 8 [76] .
It is suggested that the dominant terrigenous material of the Lopingian coals in southwestern China is the basaltic Kangdian Upland, which is typically enriched in Sc, V, Cr, Co, Ni, Cu and Zn [10, 45, 64, [68] [69] [70] [71] . For example, the dominant terrigenous material for the coals in the Xinde Mine, Yunnan Province, southwestern China is identified as the Kangdian Upland, with high concentrations of Sc, V, Cr, Co, Ni, Cu and Zn in the coals [45] . The dominant terrigenous material of the Huayingshan and Nantong coalfields has also been considered to be the Kangdian Upland [11, 12] . However, some studies have shown that, instead of the Kangdian Upland, the dominant terrigenous materials of Huayingshan and Nantong coalfields are the Leshan-Longnvsi Uplift, Hannan Upland, and Dabashan Uplift [8, 13] . The abundances of Sc, V, Cr, Co, Ni, Cu and Zn in the Huayingshan Coalfield are only 3.54 μg/g, 68.4 μg/g, 18.8 μg/g, 3.03 μg/g, 7.96 μg/g, 29.2 μg/g and 31.5 μg/g, respectively [8] , while those in the Nantong coalfield are 5.81 μg/g, 37.3 μg/g, 23.4 μg/g, 2.87 μg/g, 6.32 μg/g, 16.3 μg/g and 26 μg/g, respectively [13] . A number of studies have indicated that the coals with sediment source region consisted of felsic rocks have high concentration of lithophile elements but are low in V, Cr, Co, Ni, Cu and Zn [72] [73] [74] .
In present study, the concentrations of Sc, V, Cr, Co, Ni, Cu and Zn are not as high as those in the Xinde Mine, and not as low as those in the Huayingshan and Nantong coalfields, neither ( Figure  8 ). This may indicate that the Kangdian Upland is not the dominant sediment source region for the Zhongliangshan coals.
Many studies have shown that the Al2O3/TiO2 ratios are useful provenance indicators to determine the terrigenous materials not only for normal sedimentary rocks but also for coal seams [8, 10, 73, 75, 76] . It is suggested that the Al2O3/TiO2 ratios for sedimentary rocks with 3-8, 8-21, and 21-70 are considered to originate from mafic-, intermediate-, and felsic dominated sediment source regions, respectively [75] . In the plot of Al2O3 vs. TiO2 for coal samples from the Zhongliangshan coalfield (Figure 11 ), almost all coal samples fall in the area between 8 and 21, indicating that the terrigenous source of the studied samples is of intermediate composition. This further indicates that the dominant sediment source region is not the mafic basalts of the Kangdian upland, where the typical Al2O3/TiO2 ratios are between 3 and 8 [76] . Eu anomalies in coal can also be used as an indicator to interpret the sediment source region [51] . This is because Eu anomalies in coal are usually inherited from rocks within the sediment source region, and would not be affected between the weathering and transportation processes from the sediment source region to the peat swamp [51, 52, 77, 78] . However, Eu anomalies may be influenced under the conditions of high-temperature hydrothermal fluids (>200 °C) and extremely reducing conditions [79, 80] . Eu anomalies in coal can also be used as an indicator to interpret the sediment source region [51] . This is because Eu anomalies in coal are usually inherited from rocks within the sediment source region, and would not be affected between the weathering and transportation processes from the sediment source region to the peat swamp [51, 52, 77, 78] . However, Eu anomalies may be influenced under the conditions of high-temperature hydrothermal fluids (>200 • C) and extremely reducing conditions [79, 80] . Generally, coals with input of felsic or felsic-intermediate terrigenous materials usually have pronounced negative Eu anomalies [51] , with a few exceptions of coals characterized by positive Eu anomalies that are caused by high content of plagioclase and other feldspars [81] . On the contrary, coals with input of mafic basalts display strongly positive Eu anomalies [45] . Chen et al. consider that the dominant terrigenous material of the Lopingian coals in the Nantong Coalfield is not the Kangdian Upland using the Eu anomalies. Dai et al. used the Eu anomalies to identify that the Yishan coals have been influenced by high-temperature hydrothermal solutions [10] . However, not all the coals influenced by hydrothermal solutions should have positive Eu anomalies [82] . For example, in some cases, coals or stone coals affected by hydrothermal solutions have a weak negative anomaly because the felsic sediment input overlapped the hydrothermal solutions [82] .
The Figure 9 shows that almost all coals present distinctive negative Eu anomalies, different from the Emeishan basalts. This further indicates that the dominant terrigenous material is not the basalt of Kangdian Upland.
Note that there are some other three uplands/uplifts (TUUs) including the Leshan-Longnvsi uplift, Hannan Upland, and Dabashan Uplift around the Zhongliangshan coalfield (Figure 1) . Dai et al. have proposed that TUUs are the dominant terrigenous materials for the Huayingshan coalfield [8] . Hence, the dominant sediment source region of present study may also be TUUs. However, based on the abundances of Sc, V, Cr, Co, Ni, Cu and Zn in the Zhongliangshan coals and the proximity to the Kangdian Upland, the Kangdian Upland may also provide a small proportion of terrigenous materials for the Zhongliangshan Coalfield.
Injection of Low-Temperature Hydrothermal Fluids
Hydrothermal fluid activity plays an important role in the enrichment of mineral matter in the coals not only from southwestern China [2, 40, 43, [83] [84] [85] [86] [87] [88] , but also from some coal deposits elsewhere [89] [90] [91] . However, the characteristics and alteration mechanism of hydrothermal solution are not clear. Recently, Dai et al. illustrate the hydrothermal solution compositions, nature and mineralization of the alkali volcanic ash in Yunnan Province (southwestern China) based on the analysis of H-O isotope and petrological, mineralogical and geochemical assemblages [92] . Firstly, the alkali volcanic ash was leached by the mixed high-temperature hydrothermal solution (including acidic waters and CO2 degassing from the Emeishan Plume) and resulted in the in situ enrichment of Al, Ti and the depletion of Nb, Zr, Ga and REY [92] . Secondly, the leached Nb, Zr, Ga and REY were precipitated under the environment of cooler, neutral or alkaline hydrothermal fluid alteration [92] , and in some cases, with injection of sea water [93] .
Chamosite is not usually observed in the coal, however, it does commonly occur in the Lopingian coals in southwestern China [39, 40, 42, 45, 49] . Two origins of chamosite have been proposed, which is either derived from the alteration of kaolinite by the injection of Fe-Mg-rich fluids during diagenesis process [40] , or directly precipitated from hydrothermal fluids enriched Fe [49] .
The coexistence of chamosite and kaolinite and their close relationship ( Figure 3C ,D) indicate that chamosite was the interaction product between the kaolinite and Fe-Mg-rich fluids, which is Generally, coals with input of felsic or felsic-intermediate terrigenous materials usually have pronounced negative Eu anomalies [51] , with a few exceptions of coals characterized by positive Eu anomalies that are caused by high content of plagioclase and other feldspars [81] . On the contrary, coals with input of mafic basalts display strongly positive Eu anomalies [45] . Chen et al. consider that the dominant terrigenous material of the Lopingian coals in the Nantong Coalfield is not the Kangdian Upland using the Eu anomalies. Dai et al. used the Eu anomalies to identify that the Yishan coals have been influenced by high-temperature hydrothermal solutions [10] . However, not all the coals influenced by hydrothermal solutions should have positive Eu anomalies [82] . For example, in some cases, coals or stone coals affected by hydrothermal solutions have a weak negative anomaly because the felsic sediment input overlapped the hydrothermal solutions [82] .
Hydrothermal fluid activity plays an important role in the enrichment of mineral matter in the coals not only from southwestern China [2, 40, 43, [83] [84] [85] [86] [87] [88] , but also from some coal deposits elsewhere [89] [90] [91] . However, the characteristics and alteration mechanism of hydrothermal solution are not clear. Recently, Dai et al. illustrate the hydrothermal solution compositions, nature and mineralization of the alkali volcanic ash in Yunnan Province (southwestern China) based on the analysis of H-O isotope and petrological, mineralogical and geochemical assemblages [92] . Firstly, the alkali volcanic ash was leached by the mixed high-temperature hydrothermal solution (including acidic waters and CO 2 degassing from the Emeishan Plume) and resulted in the in situ enrichment of Al, Ti and the depletion of Nb, Zr, Ga and REY [92] . Secondly, the leached Nb, Zr, Ga and REY were precipitated under the environment of cooler, neutral or alkaline hydrothermal fluid alteration [92] , and in some cases, with injection of sea water [93] .
The coexistence of chamosite and kaolinite and their close relationship ( Figure 3C,D) indicate that chamosite was the interaction product between the kaolinite and Fe-Mg-rich fluids, which is similar to the mechanism reported by Dai and Chou [40] . Chamosite of hydrothermal origin was also observed (Figure 3E ), where chamosite was independent of kaolinite and occurred as cell-fillings.
Besides chamosite, the modes of occurrence of barite ( Figure 5F ) and rhabdophane ( Figure 5G ) in the coal also illustrate that these minerals were precipitated from hydrothermal fluids. Barite has been indicated to be formed by the injection of hydrothermal fluids [8] . Rhabdophane is often observed in some REY-rich coals and derived from hydrothermal fluids in southwestern China [8, 39, 45, 84] .
The cell-filling quartz ( Figure 4D,E) indicates an authigenic origin. In addition, calcite in the present study, which infills cell ( Figure 4G ,H) and fracture cavities ( Figure 5A ) indicate an epigenetic origin.
Based on the strong negative Eu anomalies of coals (Figure 9 ), the temperature of hydrothermal fluids may be all relatively low (<200 • C), although the multi-stage injection of hydrothermal fluids has been put forward. Otherwise, the Eu anomaly would be expected to be strong positive due to the ingress of hydrothermal fluids at >200 • C during the peatification, in that the reduction of Eu requires not only extremely reducing conditions but also high-temperature [10, 51] .
Evaluation of Rare Metals
Some Lopingian coals or non-coal strata in southwestern China are considered as potential economic sources for critical metals including Nb, Zr, Ga and REY [7, 8, 14, 94] . In order to assess the REY in coal ashes as economic raw materials, several criteria (including the REY cut-off grade and the individual elemental composition) were proposed by Seredin and Dai [58] . Seredin and Dai have also proposed the cut-off grade for recovery from the coal ash (REY oxides (REO) ≥ 1000 µg/g) [58] . Based on the classification reported by Dai et al. [9] , the C outl -REO graph is plotted in Figure 12 [58] . It can be obtained that the REY concentrations in most samples of the Zhongliangshan coals are lower than the cut-off grade except for samples K1-1, K7 and K5-r. Thus, the K7 and the upper portion of K1 have the potential to be a source of raw material for REY recovery. However, the K2, K3, K4, K5, K8 and K10 coals cannot be considered as REY raw material sources. It is noted that some coal seams in other coalfields surrounding Zhongliangshan coalfield enrich REY (Figure 13 ), where the REO in coal ash are higher than 1000 ppm. However, the REY data in the Shuijiang, Nantong, Xishui, Junlian, and Furong Coalfields, are lower than the cut-off grade or absent, which needs further research.
In addition to factors as mentioned above that could lead to enrichment of REY in coal deposit, some other factors such as alkaline volcanic ashes [95] and to a lesser extent, ground water leaching [96] , can also play an important roles in the Lopingian coals. Similar to the K7 and the upper portion of K1 coal seams, the coals subjected to alkaline volcanic ashes and in some cases, groundwater leaching, usually have a high potential of REY [95, 96] . similar to the mechanism reported by Dai and Chou [40] . Chamosite of hydrothermal origin was also observed ( Figure 3E ), where chamosite was independent of kaolinite and occurred as cell-fillings. Besides chamosite, the modes of occurrence of barite ( Figure 5F ) and rhabdophane ( Figure 5G ) in the coal also illustrate that these minerals were precipitated from hydrothermal fluids. Barite has been indicated to be formed by the injection of hydrothermal fluids [8] . Rhabdophane is often observed in some REY-rich coals and derived from hydrothermal fluids in southwestern China [8, 39, 45, 84] .
Based on the strong negative Eu anomalies of coals (Figure 9 ), the temperature of hydrothermal fluids may be all relatively low (<200 °C), although the multi-stage injection of hydrothermal fluids has been put forward. Otherwise, the Eu anomaly would be expected to be strong positive due to the ingress of hydrothermal fluids at >200 °C during the peatification, in that the reduction of Eu requires not only extremely reducing conditions but also high-temperature [10, 51] .
Some Lopingian coals or non-coal strata in southwestern China are considered as potential economic sources for critical metals including Nb, Zr, Ga and REY [7, 8, 14, 94] . In order to assess the REY in coal ashes as economic raw materials, several criteria (including the REY cut-off grade and the individual elemental composition) were proposed by Seredin and Dai [58] . Seredin and Dai have also proposed the cut-off grade for recovery from the coal ash (REY oxides (REO) ≥ 1000 μg/g) [58] . Based on the classification reported by Dai et al. [9] , the Coutl-REO graph is plotted in Figure 12 [58] . It can be obtained that the REY concentrations in most samples of the Zhongliangshan coals are lower than the cut-off grade except for samples K1-1, K7 and K5-r. Thus, the K7 and the upper portion of K1 have the potential to be a source of raw material for REY recovery. However, the K2, K3, K4, K5, K8 and K10 coals cannot be considered as REY raw material sources. It is noted that some coal seams in other coalfields surrounding Zhongliangshan coalfield enrich REY (Figure 13 ), where the REO in coal ash are higher than 1000 ppm. However, the REY data in the Shuijiang, Nantong, Xishui, Junlian, and Furong Coalfields, are lower than the cut-off grade or absent, which needs further research.
In addition to factors as mentioned above that could lead to enrichment of REY in coal deposit, some other factors such as alkaline volcanic ashes [95] and to a lesser extent, ground water leaching [96] , can also play an important roles in the Lopingian coals. Similar to the K7 and the upper portion of K1 coal seams, the coals subjected to alkaline volcanic ashes and in some cases, groundwater leaching, usually have a high potential of REY [95, 96] . [8] . The data of the Songzao Coalfield is from Seredin and Dai [58] . The data of the Guxu Coalfield is from Dai et al. [82] .
Conclusions
The Lopingian coals from the ZK4-1 drill core in the Zhongliangshan Coalfield are medium volatile bituminous coal, which are characterized by a medium-ash yield (26.84%) and high sulfur content (3.38%). Minerals in the Zhongliangshan coals are mainly composed of kaolinite, pyrite, quartz and calcite, with small proportions of anatase. The illite/smectite mixed layer (I/S), chamosite, rutile, marcasite, ankerite, dolomite, jarosite, natrojarosite, bassanite, gypsum and K-feldspar are also present in various coal samples. In addition, apatite, rhabdophane and barite are observed under the SEM-EDX although they are below the detection limit of the XRD.
Compared with the average concentrations of the world hard coals [47] , some trace elements including Li, V, Co, Cu, Se, Y, Zr, Nb, REE, Cd, Ta, Hf and Hg, are enriched in the Zhongliangshan coals. Based on the concentrations of Sc, V, Cr, Co, Ni, Cu and Zn, the ratios of Al2O3/TiO2 and the UCC-normalized REY distribution patterns of the Zhongliangshan coals, the dominant sediment source region are the Leshan-Longnvsi Uplift, Hannan Upland, and Dabashan, Uplift, with a small proportion of terrigenous materials from the Kangdian Upland. The modes of occurrence of chamosite, barite, rhabdophane, quartz and calcite indicate that the Zhongliangshan coals have probably been affected by the injection of different low-temperature hydrothermal fluids. The K7 and the upper portion of K1 have the potential to be a source of raw material for REY recovery. [8] . The data of the Songzao Coalfield is from Seredin and Dai [58] . The data of the Guxu Coalfield is from Dai et al. [82] .
Compared with the average concentrations of the world hard coals [47] , some trace elements including Li, V, Co, Cu, Se, Y, Zr, Nb, REE, Cd, Ta, Hf and Hg, are enriched in the Zhongliangshan coals. Based on the concentrations of Sc, V, Cr, Co, Ni, Cu and Zn, the ratios of Al 2 O 3 /TiO 2 and the UCC-normalized REY distribution patterns of the Zhongliangshan coals, the dominant sediment source region are the Leshan-Longnvsi Uplift, Hannan Upland, and Dabashan, Uplift, with a small proportion of terrigenous materials from the Kangdian Upland. The modes of occurrence of chamosite, barite, rhabdophane, quartz and calcite indicate that the Zhongliangshan coals have probably been affected by the injection of different low-temperature hydrothermal fluids. The K7 and the upper portion of K1 have the potential to be a source of raw material for REY recovery.
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